Graphene hydrogel supported palladium nanoparticles as an efficient and reusable heterogeneous catalysts in the transfer hydrogenation of nitroarenes using ammonia borane as a hydrogen source https://doi.org/10. 1515/pac-2017-0714 Abstract: Addressed herein is a facile one-pot synthesis of graphene hydrogel (GHJ) supported Pd nanoparticles (NPs), namely Pd-GHJ nanocomposites, via a novel method that comprises the combination of hydrothermal treatment and polyol reduction protocols in water. The structure Pd-GHJ nanocomposites were characterized by TEM, HR-TEM, XRD, XPS, Raman spectroscopy and BET surface area analysis. Then, Pd-GHJ nanocomposites were used as a heterogeneous catalysts in the tandem dehydrogenation of ammonia borane and hydrogenation of nitroarenes (Ar-NO 2 ) to anilines (Ar-NH 2 ) in the water/methanol mixture at room temperature. A variety of Ar-NO 2 derivatives (total 9 examples) were successfully converted to the corresponding Ar-NH 2 by the help of Pd-GHJ nanocomposites catalyzed tandem reactions with the conversion yields reaching up to 99 % in only 20 min reaction time. Moreover, Pd-GHJ nanocomposites were demonstrated to be the reusable catalysts in the tandem reactions by preserving their initial catalytic performance after five consecutive catalytic cycles. It is believed that the presented synthesis protocol for the Pd-GHJ nanocomposites and the catalytic tandem hydrogenation reactions will make a significant contribution to the catalysis and synthetic organic chemistry fields.
Introduction
Amines are valuable building blocks for manufacturing of pharmaceuticals, pigments, agrochemicals and numerous types of other chemicals [1] . Among the amine family, anilines occupy a special place because they are important raw materials in various fields with the production over 4 000 000 tonnes per year [2] . Due to their industrial importance, many methods have been developed for the preparation of amines. However, in synthetic organic chemistry, the reduction of nitroarenes is the common route for the synthesis of aniline derivatives [3, 4] . In this route, classical hydrogenation reactions catalyzed by a noble metal catalyst are generally applied to yield desired aniline derivative [5] . However, this methodology have several well-known safety and technical handicaps such as the need of high pressure supplied by a molecular hydrogen tube in the laboratory at high temperature and the hardly dissolution of hydrogen gas in the solution [6] . Additionally, over-hydrogenation products are generally observed by this type of reduction process [7] . Therefore, the scientists have recently focused on development of a greener yet efficient method for the large scale synthesis of anilines. In this respect, examples of the reusable and recyclable heterogeneous catalysts in waterlike green solvents for the synthesis of anilines are on the rise every day [8] . In these eco-friendly reduction protocols, the role of heterogeneous catalyst is key for both efficiency and selectivity of the system. In this regard, transition metal-based nanoparticles (TMNPs) have recently attracted increase attention owing to their exclusive physical and chemical properties compared to the bulk heterogeneous catalysts [9] . Moreover, the TMNPs provide higher catalytic performance and selectivity than their bulk analogs owing to their high surface to volume ratio and more energetic surface atoms [10] . However, the TMNPs are kinetically unstable to agglomerate into bulk metals and therefore they have to be stabilized against to agglomeration by using surfactants either electrostatically or sterically [11] . Upon stabilization of TMNPs, a certain amount of the catalytically active surface atoms are blocked by the surfactants, which lowers their catalytic activity and selectivity. To eliminate these problems, TMNPs can be supported on a high surface are materials. The selection of the support material is very important because the TMNPs-support material interaction affects the catalytic performance dramatically. Therefore, hitherto a variety of support materials including commercially available carbon blacks [12] , carbon nanotubes [13] , alumina [14] , zeolites [15] , polymers [16] and graphitic carbon nitride [17] have been used for supporting various metal nanoparticles. In recent years, reduced graphene oxide (rGO) have been reported as a versatile support for the TMNPs owing their advantageous properties [18] . However, the 2D layered structure of rGO sometimes creates stability problem for the TMNPs in liquid phase catalysis because the considerable π-π stacking interactions between rGO nanosheets, which results in aggregation and restacking of graphene nanosheets, and following serious decrease their specific surface area and block active catalytic sites of TMNPs on graphene [19] . In this respect, after the pioneer work of Shi et al. [20] , the self-assembled graphene hydrogel (GHJ) has recently appeared as an interesting support material for the TMNPs [21, 22] because it both comprises self-assembled rGO networks and water besides having large surface area with porous structure. Moreover, GHJ is a three-dimensional (3D) material eliminating the problems associated with 2D rGO nanosheets and considered to be a different support materials compared to conventional carbon-based materials. Besides these advantageous properties, the GHJ-TMNPs nanocomposites can easily be prepared by using one-pot hydrothermal approach comprising concurrently formation of GHJ from graphene oxide and TMNPs from the reduction of metal precursor. Up to date, GHJ supported Au [23] , Ag [24] , Cu [25] and Pt NPs [26] have been reported but to the best our knowledge there is no report on one-pot synthesis Pd NPs supported on GHJ for catalytic applications.
In this study, we report for the first time a facile one-pot synthesis of Pd NPs supported on graphene hydrogel (Pd-GHJ) as a reusable and recyclable heterogeneous catalysts for the transfer hydrogenation of nitroarenes using ammonia borane (AB) as a hydrogen source at room temperature in methanol/water mixture. It should be noted that the presented synthesis of Pd NPs supported on GHJ and their application in the transfer hydrogenation reaction using AB as a hydrogen storage material are the first in the literature.
Results and discussion
Pd NPs supported on GHJ (Pd-GHJ) were synthesized by using a novel one-pot synthetic protocol comprising the combination of hydrothermal treatment and polyol reduction methods in water. In this protocol, Shi's [20] pioneer hydrothermal treatment protocol was applied to the graphene oxide (GO)-potassium tetrachloropalladate(II) (K 2 PdCl 4 ) mixture in aqueous dispersion. Three consecutive reactions, namely (i) the reduction of GO into the rGO nanosheets, (ii) the self-assembly of rGO nanosheets into the GHJ and (iii) the reduction of [PdCl 4 ] −2 complex by ethylene glycol under hydrothermal conditions, were occurred simultaneously. Figure 1a shows a representative TEM image of Pd-GHJ nanocomposites clearly indicating the formation of well-dispersed Pd NPs with an average particle diameter of 10 nm over the GHJ nanosheets. It should be noted that there was no agglomerated Pd NPs observed by the examination of almost entire TEM grid. Figure 1b shows a HR-TEM image of a single Pd NP on GHJ. It indicates the formation of highly crystalline face centered cubic (fcc) Pd NPs with a measured adjacent lattice fringe distance of 0.23 nm corresponds well to the (111) lattice spacing of the fcc Pd (JCPDS card, file no. 05-0681) [27] .
The crystal structure of Pd-GHJ nanocomposites was further studied by powder XRD and the typical PXRD pattern was depicted in Fig. 2 . In the XRD pattern, all of the peaks can readily be indexed to fcc-Pd (JCPDS card, 05-0681) and no characteristic peaks were observed for neither K 2 PdCl 4 precursor nor PdO, which indicates the formation of phase purity and high crystallinity of the as-prepared Pd NPs over GHJ. Besides the peaks belong to fcc-Pd, another peak appeared at 2θ = 24.3° is attributed to the GHJ support [20] . In order to determine the Pd content of Pd-GHJ nanocomposites for the catalytic applications, inductively coupled plasma mass spectroscopy (ICP-MS) analysis were performed on several batch of the samples and Pd content was found to be 6.3 wt.%. This value was used to determine the loading ratio of Pd-GHJ nanocomposites for the catalytic applications (vide infra). X-ray photoelectron spectroscopy (XPS) is one of the indispensable tools for the characterization of surface properties of metal NPs, especially the ones to be used for catalytic applications. In this regard, we studied XPS for the Pd-GHJ nanocomposites. Figure 3 shows both survey and high-resolution XP spectra for Pd3d core-level of Pd-GHJ nanocomposites. All the expected elements C, O, Pd are available in the XP survey spectrum (Fig. 3a) . In the case of high-resolution XP spectrum for Pd3d core-level (Fig. 3b) , two major assymetric-shape peaks appeared at binding energies of 335.1 and 340.4 eV with a spin-orbit component (Δ = 5.3 eV) that are readily assigned to metallic Pd. Moreover, there is no characteristic peaks observed for neither K 2 PdCl 4 precursor nor PdO indicating the successful reduction of Pd precursor into the Pd(0) by the presented synthesis protocol.
Raman spectroscopy gives important information about the carbon-based nanostructures including graphene-based materials. As the presented nanocomposite includes GHJ as a support material and it is prepared hydrothermally starting from GO, we studied the structure of Pd-GHJ nanocomposites, GO and rGO with Raman spectroscopy. Figure 4 shows a typical Raman spectrum for the Pd-GHJ nanocomposites, GO and rGO. For the Pd-GHJ spectrum, two major peaks are observable at 1342 and 1585 cm −1 that are attributed to D and G bands of GHJ, respectively. Compared to the Raman spectra of GO and rGO, the position and relative intensities of D and G bands are different. Moreover, the intensity ratio of D/G (1.07) is higher than those of GO (1.03) and rGO (0.693). These results indicates the successful conversion of GO into GHJ upon the hydrothermal treatment.
As the Pd-GHJ nanocomposites are planned to be used as catalysts, the analysis of their surface area is an important criteria. The surface area and pore analysis of Pd-GHJ were done by studying N 2 adsorption-desorption isotherm (Fig. 5 ). Pd-GHJ shows a type-IV isotherm indicating a mesoporous structure of the material with BET surface area of 112.5 m 2 /g. This value is slightly than the pristine GHJ (135 m 2 /g) which is due to the Pd NPs supported on the GHJ.
After the catalyst preparation and characterization, we turned our attention to the application of the catalyst in a reduction of nitroarenes. Firstly, the reaction conditions were optimized by studying various reaction parameters including solvent type, AB amount, and reaction time over nitrobenzene as a model compound. The reaction optimization data are summarized in Table 1 . As a result of examining the effect of AB amounts, it was found that the best yield was obtained by using 1 mmol of AB (Table 1, With the optimized reaction conditions in hand, the Pd-GHJ catalyzed transfer hydrogenation reactions were applied over various substituted nitrobenzenes (total 9 examples) and the results were depicted in Table 2 . As clearly be resulted by the Table 2 , all the tested nitroarenes were efficiently converted to the related nitrobenzene derivatives with the yields reaching up to ≥99 within only 20 min reaction times at room temperature. As the first example, the catalytic transfer hydrogenation reaction proceeded successfully on nitrobenzene and aniline was yielded 99 % in 20 min ( Table 2 , entry 1). Except for three reactions (Table 2 , entries 2, 5 and 8), all other reactions were completed within 20 min reaction times. Moreover, several electron withdrawing and electron donating nitroarene derivatives have been also successfully reduced by the presented hydrogenation protocol, indicating the high substituent tolerance of the presented catalytic transfer hydrogenation protocol. On the other hand, the presented Pd-GHJ catalyzed transfer hydrogenation showed selectivity towards the reduction of only -NO 2 group on the aromatic ring bearing another reducible group such as -Cl and -CN (Table 2 , entry 8, 9). In this respect, p-chloroaniline and p-aminobenzonitrile yielded by 81 % and ≥99 %, respectively, with the presented catalytic transfer hydrogenation protocol. After presenting applicability of the Pd-GHJ nanocomposites catalyzed tandem dehydrogenation of AB and hydrogenation reaction for the reduction of a variety of nitroarenes, we then studied the reusability of Pd-GHJ nanocomposites, which is another important criteria for showing the practicability of a heterogeneous catalyst. Figure 6a shows a five runs reusability tests of Pd-GHJ nanocomposites in the transfer hydrogenation of nitrobenzene as a model compound. As can be easily concluded by the reusability test, Pd-GHJ nanocomposites provided 99 % yield after five consecutive runs in the transfer hydrogenation of nitrobenzene, indicating their high durability. Moreover, we analyzed the morphology and the structure Pd-GHJ nanocomposites after the reusability test by using TEM and XRD. As clearly be seen by the TEM image given in Fig.  6b , Pd NPs preserved almost their initial morphology and particles size over the GHJ without any significant agglomeration. Besides morphology preserving, there is no change on the crystal structure of Pd NPs and GHJ after the catalysis, which is concluded by the XRD pattern given in Fig. 6c .
Conclusions
In summary, we reported a facile synthesis and structural characterization of Pd-GHJ nanocomposites and their catalysis in the tandem dehydrogenation of AB and hydrogenation of nitroarenes. Pd-GHJ nanocomposites were synthesized for the first time by one-pot protocol including the combination of hydrothermal treatment and polyol reduction in aqueous solution. The stable and highly-dispersed 10 nm Pd NPs were generated on GHJ by the presented synthesis protocol. Then, Pd-GHJ nanocomposites as a novel and reusable catalysts showed high performance in the reduction of various nitroarenes with the yields reaching up to ≥99 % and high substituent tolerance. Moreover, the Pd-GHJ catalyzed transfer hydrogenation protocol provided a selectivity towards the reduction of only -NO 2 group on the aromatic ring bearing other reducible groups such as -Cl and -CN. We believe that this work will open a new perspective for the development of more environmental and efficient catalytic strategies in the organic synthesis for the reduction of other functional groups in the organic synthesis via a transfer hydrogenation. ethylene glycol (C 2 H 6 O 2 , 99 %) and ethanol (99 %) were purchased from Sigma-Aldrich ® used as received. Natural graphite flakes (average particle size 325 mesh) were purchased from ABCR GmbH & Co. and used without any further treatment. Deionized water was distilled by water purification system (Milli-Q System). All glassware and Teflon-coated magnetic stir bars were cleaned with acetone, followed by copious rinsing with distilled water before drying at 150 °C in oven for overnight.
Experimental Chemicals

Characterization methods
All transmission electron microscope (TEM and HRTEM) images were obtained by FEI Technai G2 Spirit BiO(TWIN) opreting at 120 kV. X-ray diffraction (XRD) patterns were recorded on a Panalytical Empyrean diffractometer with Cu-Kα radiation (40 kV, 15 mA, 1.54051 A°) over a 2θ range from 10° to 90° at room temperature. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a SPECS XP Flexmod (Germany) equipped with a PHOIBOS hemispherical energy analyser and a monochromatic Al Kα X-ray excitation (hν = 15 kV, 400 W). Binding energy (BE) calibration of the XP spectra were carried out with the help of the amorphous carbon C1 signal located at 284.6 eV. Elemental analysis measurements were carried out on an Agilent Technologies 7800 inductively coupled plasma mass spectroscopy (ICP-MS). Brunauer-Emmett-Teller (BET) surface area analysis is performed using a Micromeritics 3Flex instrument after degassing all of the samples for 24 h at 80 °C. Raman spectroscopy analyses were performed on a Witec Alpha 300 R instrument using an argon laser at 514 nm and an excitation power of 7 mW measured at the position of the sample. NMR spectra were recorded using a 400 MHz Bruker NMR instrument ( 1 H NMR at 400 MHz) in deuterated chloroform unless stated otherwise.
Synthesis of Pd-GHJ nanocomposites
The Pd-GHJ nanocomposites were synthesized through a one-pot hydrothermal method with graphene oxide (GO) and potassium tetrachloropalladate(II) (K 2 PdCl 4 ) as the precursors and ethylene glycol (EG) as a reductant. In a typical procedure, GO was synthesized from the oxidation of natural graphite powder by the modified Hummers' method [28, 29] . Firstly, 200 mg of GO was dispersed in 40 mL distilled water at room temperature by sonication in a ultrasonic bath for 2 h in order to achieve a clear and brown homogeneous dispersion of GO. Next, 50 mg of K 2 PdCl 4 was added into the aqueous dispersion of GO and mixed up to form a homogeneous solution. Subsequently, 60 mL EG was added into the mixture solution. The resultant mixture was sealed and stirred at room temperature overnight. After that, the well-mixed solution was transferred into a 120 mL Teflon lined autoclave with a stainless-steel shell. The autoclave was maintained at 180 °C for 5 h and then it was cooled at room temperature. A black gel-like GHJ-Pd nanocomposites with a typical dimesions of 1.50 cm in diameter and 2.50 cm in height was yielded. The size of the hydrogel could be freely tuned by changing the volume of the GO aqueous dispersion. The as-obtained Pd-GHJ nanocomposites were rinsed with ethanol and then dried at 80 °C for 24 h. Finally, the Pd-GHJ nanocomposites were annealed at 200 °C for 2 h under Ar/H 2 (v/v = 95/5) gas flow.
The catalytic tandem dehydrogenation of AB and hydrogenation of nitroarenes
In a commercially available thermolysis tube (15 mL), the aromatic nitro compounds (0.35 mmol) and Pd-GHJ nanocomposites (15 mg) were mixed in 5 mL water/methanol mixture (v/v = 7/3) and then the mixture was dispersed under sonicated for 15 min. Subsequently, 1 mmol of AB was added into the mixture at room temperature and the reaction was initiated by closing the tube stiffly. The reaction was continued under vigorous stirring at room temperature for 20 min. Most reactions ended during the time interval of 20 min. After completion of the reaction, the catalysts were separated by filtering and washed several times with methanol and dried under air for the more use. The solvent was removed by using a rotary evaporator. The conversions were determined by 1 H-NMR. All products obtained herein are well-known compounds in the literature and the spectral data obtained by this study were in good agreement with the ones reported in our previous publications [8, 30] .
Reusability test
A typical reusability test was done when the reaction was completed the catalyst was recovered by filtration, washed several times with methanol and dried under air. Then, a new test was started by using the recovered catalyst. This procedure was repeated five times. The conversion values were investigated by 1 H NMR.
